form functional homomers and so act as ␣ subunits; in heteromeric channels. The "defect" in the CNGA4 most of these subunits can also assemble with each subunit that prevents its homomeric expression was other to form heteromers with novel properties that relocalized to its C-linker, which connects the trans- 
tide is replaced with the CNGA4 tripeptide, the polarity sembled with ␣ subunits to modify gating in a stereotypical pattern. of action of cyclic nucleotide binding on both channel gating and oligomerization of the C-terminal polypeptide Which region of fCNGA4 prevents it from forming functional homomers? By constructing a large series of is reversed. In the mutant, cAMP binding inhibits channel opening and favors the disassembly of C-terminal tetrachimeras between CNG ␣ subunits and fCNGA4, we found that replacement of the first 78 out of 86 residues mers into dimers. These results thus provide strong evidence that the assembly of the 4-fold symmetric cytoof the C-linker (L) of fCNGA4 with the corresponding residues of CNGA1 was both necessary and sufficient plasmic gating ring from a dimer-of-dimers is a key event in the coupling of ligand binding to channel opening.
to yield a chimeric subunit (see Figure 2A ) that generated functional homomeric channels with large CNG currents ( Figure 1A ). The channels formed from this "rescued" Results subunit, ␤-␣(L 1-78 ), had a high sensitivity to cAMP (K 1/2 ϭ 5.2 Ϯ 1.0 M) and cGMP (K 1/2 ϭ 3.4 Ϯ 0.3 M), similar The fCNGA4 ␤ Subunit C-Linker Prevents Expression to native fish CNG channels (Goulding et al., 1992 ) and of Functional Homomeric Channels ␣ ϩ ␤ heteromers, but in contrast to the low agonist We first examined why CNG ␣ subunits form functional sensitivity of fCNGA2 homomers ( Figure 1C ). The reshomotetrameric channels, whereas the CNGA4 ␤ subcued ␤ subunit also exhibited rapidly flickering singleunit does not. We initially characterized the properties channel currents, similar to those of ROONS ϩ fCNGA4 of a CNGA4 subunit that we cloned from catfish olfactory heteromers (see Supplemental Figure S2 at http://www. epithelium (fCNGA4) that is 54% identical to rat CNGA4
neuron of Cyclic Nucleotide Gating What is the mechanism by which the ␤ subunit C-linker Thus, fCNGA2 ϩ fCNGA4 heteromers exhibited a high sensitivity to cAMP, with a K 1/2 (2.3 Ϯ 0.5 M) similar to prevents the expression of functional homomeric channels? Previous studies have shown that sulfhydryl oxithat of native catfish CNG channels (Goulding et al., 1992) but much lower than that of fCNGA2 homomers (97.7 Ϯ dizing agents, but not cyclic nucleotides, are capable of activating current through rat CNGA4 homomers, indi-12.6 M). Similarly, fCNGA4 ϩ ROONS channels also had a much higher sensitivity to cAMP (4.3 Ϯ 0.7 M) cating that assembled CNGA4 channels can traffic to the membrane but cannot be gated by cyclic nucleotide compared to ROONS homomers (320 Ϯ 56.9 M) (Figure 1C) .
(Broillet and Firestein, 1997). In support of a defect in ligand gating, we found that fCNGA4 subunits could A second difference between ␣ subunit homomeric channels and channels that incorporate fCNGA4 was coassemble and traffic to the surface membrane when expressed alone (based on biochemical and fluoresthat the heteromers exhibited a marked outward current rectification, similar to previous results for other heterocence data; L.Z. and S.A.S., unpublished data). To examine a possible effect of the ␤ subunit C-linker on cyclic meric CNG channels (Bonigk et al., 1999; Bradley et al., 1994; Liman and Buck, 1994). Thus, fCNGA4-containing nucleotide gating, we used a strategy in which ␣ subunits were coexpressed with either a wild-type ␤ subunit heteromers generated macroscopic currents whose absolute value was more than 5-fold larger at ϩ100 mV or a chimeric ␤ subunit whose C-linker was partially replaced by ␣ subunit sequence. We reasoned that any than at Ϫ100 mV (I ϩ100 /I Ϫ100 ϭ 5.5 Ϯ 0.6; n ϭ 7; Figure 2B ). This rectification was largely due to voltage-dependent difference in channel properties between two such pairs of heteromers must reflect differences between the gating, since the instantaneous current rectification through open heteromeric channels was small (I ϩ100 / function of the ␤ subunit C-linker sequence and the substituted ␣ subunit sequence, the only structural dif-I Ϫ100 ϭ 1.4 Ϯ 0.2; n ϭ 8). In contrast, the steady-state rectification of ROONS homomers was small and equivferences between the two channels. We first examined a chimeric fCNGA4 ␤ subunit whose alent to the instantaneous current rectification through the open channel (I ϩ100 /I Ϫ100 ϭ 1.31 Ϯ 0.03; n ϭ 3). first 54 C-linker residues, the L1 region (Paoletti et al., 1999), were replaced with CNGA1 ␣ subunit sequence A third difference is that the openings of ␣ subunit homomeric channels were well resolved, whereas ␣ ϩ ity to cAMP (K 1/2 of 6.9 Ϯ 1.5 M) than that of ROONS By analyzing a series of C-linker chimeras, we found a tripeptide near the amino terminus of the C-linker homomers, indicating efficient heteromer formation. Surprisingly, ROONS ϩ ␤-␣(L 1-54 ) heteromers showed a (C-linker residues 11-13) that was responsible for this novel cAMP dependence of voltage gating ( Figure 2C ). novel property compared to ROONS homomers or to ROONS ϩ wild-type fCNGA4 heteromers: the extent of In fCNGA4, the tripeptide sequence is FPN, whereas in CNGA1 it is QAR. When we coexpressed with ROONS outward rectification was dependent on the cyclic nucleotide concentration. Thus, ROONS ϩ ␤-␣(L 1-54 ) heterothe chimera in which the fCNGA4 tripeptide was replaced by the CNGA1 tripeptide (chimera ␤/QAR), the mers exhibited little voltage-dependent gating with saturating concentrations of cAMP (I ϩ80 /I Ϫ80 ϭ 1.23 Ϯ 0.02), heteromeric channels displayed a much greater voltage dependence of gating at low cAMP (I ϩ80 /I Ϫ80 ϭ 3.71 Ϯ whereas gating was significantly enhanced by depolarization at low concentrations of cAMP (I ϩ80 /I Ϫ80 ϭ 2.9 Ϯ 0.51) than at saturating cAMP (I ϩ80 /I Ϫ80 ϭ 1.42 Ϯ 0.12). These channels also had a much higher sensitivity to 0.28; Figure 2B ). The flickery single-channel currents of the heteromers ROONS homomers generated currents in saturating cAMP that were blocked by KK peptide at ϩ100 mV but prevented us from directly measuring P max . We therefore measured P max from the ratio of I max , the maximal current showed no prominent tail current when the membrane was stepped to Ϫ140 mV, consistent with single-chanelicited by saturating cyclic nucleotide at a negative holding voltage, to I total , the current at the same voltage nel results that P max for ROONS is close to one ( Figure  3A ). In contrast, ROONS ϩ fCNGA4 channels displayed when all channels in the patch were forced open. I total was determined by a strategy in which a voltage-dependent a large tail current at Ϫ140 mV, whose peak amplitude was ‫-5ف‬fold larger than the steady-state gating, the FPN sequence could act by decreasing the our surprise, when we examined the effect of cAMP on these chimeras, we found that the FPN substitution efficiency with which the free energy available from ligand binding is coupled to enhance gating. Alternaconverted cAMP from an agonist that facilitated channel opening into an inverse agonist that inhibited channel tively, it could make the inherent free energy change associated with channel opening in the absence of liopening. In wild-type HCN channels, cAMP enhanced gating gand even more unfavorable (Tibbs et al., 1997) . Such questions cannot be readily addressed in CNG chanby shifting activation to more positive potentials. At saturating concentrations of cAMP, the maximal depolariznels, where the effect of the FPN sequence can only be studied in the context of heteromeric channels. Howing shift in V 1/2 (⌬V max ) for HCN1 was ϩ4.8 Ϯ 0.6 mV (n ϭ 9) ( Figure 4A ); for HCN2, the shift was 3-fold greater ever, we found that the QAR tripeptide of CNGA1 is partially conserved as a QXK/R consensus motif in the (ϩ16.5 Ϯ 0.7 mV; n ϭ 10) ( Figure 4B ). In contrast, cAMP binding caused a small but significant hyperpolarizing C-linkers of the mammalian HCN channels, as well as in all other CNG ␣ subunits (Figure 2A ). We therefore shift for both HCN1/FPN ( Figure 4C ) and HCN2/FPN channels ( Figure 4D ). Now ⌬V max was Ϫ3.1 Ϯ 0.3 mV for examined the effect of the FPN sequence in the background of HCN channels, which offer an experimental HCN1/FPN (n ϭ 24) and Ϫ1.7 Ϯ 0.7 mV (n ϭ 16) for HCN2. The inhibitory effects, although small, were genuine: advantage over CNG channels because they are activated by hyperpolarization in the absence of cyclic nuthey were rapid, readily reversible, and highly reproducible ( Figure 5A ). Moreover, we found that the inhibitory cleotide. Thus, the effect of the FPN sequence on the inherent energetics of channel opening can be directly responses were mediated by cAMP binding to the canonical CNBD, because they were abolished by the mudetermined by its effect on the basal voltage dependence of gating. Effects of the FPN sequence on the tation of a conserved arginine residue in the CNBD to glutamate (R591E) (Figures 5B and 5C ). This mutation coupling of ligand binding to channel opening can be separately measured by looking for changes in the acwas previously shown to abolish the facilitatory effect of cAMP on wild-type HCN and CNG subunits by causing tions of cAMP on HCN gating.
We To obtain insight into the structural mechanism by which age of activation (V 1/2 ) in the absence of cAMP that was shifted to slightly more positive potentials compared to the C-linker tripeptide controls the polarity of ligand gating, we examined the oligomeric assembly in free the wild-type subunits (Figure 4) . This shows that the FPN mutation did not, in fact, make the intrinsic enersolution of the HCN2 C-terminal polypeptide (consisting of the C-linker ϩ CNBD) whose crystal structure had getic cost of opening of HCN channels less favorable but rather had a small facilitatory effect. However, to been solved (Zagotta et al., 2003) . In this previous study, analytical ultracentrifugation was also used to determine constant for the assembly of two wild-type dimers into a tetramer, K 24 , by 660-fold ( Figures 6C and 6D ). In conthe effects of cAMP binding on the state of oligomerization of the C-terminal polypeptide in free solution. These trast, cAMP binding decreased this association constant in the FPN mutant by ‫-4ف‬fold ( Figures 6E and 6F ). experiments showed that in the absence of cAMP the polypeptide existed largely as a monomer, with some These biochemical results thus paralleled the effects of the mutation to reverse the polarity of cAMP gating, dimer present (Zagotta et al., 2003) ; cAMP binding greatly enhanced the concentration of tetramers and supporting the view that a transition in the oligomerization state of C-terminal domains to a 4-fold symmetric decreased the concentration of dimers. This suggested the hypothesis that it is the formation of the tetrameric gating ring is part of the fundamental mechanism that underlies ligand gating. gating ring upon cAMP binding that enhances channel opening. Our finding that the FPN mutation both facilitated HCN channel opening in the absence of cAMP Discussion and converted cAMP into an inverse agonist led us to predict that the FPN mutant C-terminal domain should Our results show that a C-linker tripeptide that regulates differences in agonist efficacy between CNG channel ␣ show an increased tendency to form tetramers in the absence of cAMP and that such tetramers should be and ␤ subunits also has a marked effect on ligand gating in HCN subunits, indicating a conservation of the fundadisassembled upon cAMP binding.
To test these predictions, we performed analytical mental mechanism of ligand gating between the two major classes of cyclic nucleotide-regulated channels. ultracentrifugation studies on the HCN2/FPN polypeptide in free solution (Figures 6A and 6B ). In the absence We further found that the efficacy of ligand gating was diminished when the fCNGA4 FPN tripeptide was incorof cAMP, the FPN mutant polypeptide did indeed form a significant amount of the tetrameric species, with relaporated in heteromeric CNG channels. Surprisingly, when the FPN tripeptide of fCNGA4 subunits was substitively little dimer present. This is in contrast to the behavior of the wild-type polypeptide, where there is little tuted for the native tripeptide of HCN subunits (QEK), the polarity of action of cAMP was switched from that tetramer but a significant amount of dimer and monomer present in the absence of ligand. Importantly, we found of an agonist to that of an inverse agonist. At present, we cannot determine whether the FPN that application of cAMP to the mutant polypeptide now decreased the amount of tetramer and enhanced the sequence also switches the polarity of ligand gating in CNG channels, because CNG subunits containing this amount of dimer that was present, the opposite to the effects previously observed for wild-type HCN2. sequence fail to express as functional homomers. Furthermore, although the FPN sequence is clearly an imBased on a simple monomer to dimer to tetramer model, we derived association constants for the oligoportant reason why CNGA4 fails to form functional cyclic nucleotide-gated channels, other C-linker CNGA4 semerization reaction. Cyclic AMP binding to the wild-type HCN2 polypeptide normally increased the association quences also contribute to preventing functional homo- What are the structural changes that underlie the ability of the QXR/K:FPN tripeptides to act as a gating the ␣ subunit. Our results further showed that this effect of the QAR tripeptide is due to the high efficacy of the switch? According to the HCN2 crystal structure, the tripeptide is located in the middle of the first, or AЈ, resultant heteromeric channels (P max Ϸ 1), which occludes the ability of depolarization to enhance macro-␣ helix of the C-linker (Figure 7A ), near the last (S6) transmembrane segment. The AЈ-BЈ helix pair normally scopic CNG current at saturating concentrations of cyclic nucleotide. Thus, we suggest that the reduced interacts with the CЈ-DЈ helix pair in the C-linker of a neighboring subunit, providing the major intersubunit contacts that mediate gating ring assembly. The first two residues of QEK face away from the interior of the structure and thus cannot be important for C-linker intersubunit interactions; they may interact with the nearby transmembrane domain that is not present in the crystal structure. Although lysine 452 of QEK does point toward residues in the CЈ helix, it is not essential, because a K452A point mutant shows normal ligand gating (data not shown). Thus, the switch in gating is most likely due to the introduction of a kink in the AЈ helix by the proline residue in the FPN tripeptide. Indeed, we found that the E451P point mutation in HCN2 is sufficient to reverse the polarity of cAMP gating ( Figure 5C ). However, in CNG channels the flanking residues do play some role, since the single proline to alanine mutation in fCNGA4 failed to enhance gating to the same extent as did the FPN to QAR triple mutation (data not shown). Based on the finding that cAMP binding promotes gating ring formation in wild-type HCN2, we propose that this binding event normally alters the orientation of the CЈ-DЈ helixes of one subunit relative to the AЈ-BЈ helixes of a neighboring other subunit to form a complementary interface that enables assembly of a 4-fold symmetric gating ring ( Figure 7B ). In the absence of cAMP, the subunits would adopt an orientation that favors the 2-fold symmetry of a dimer-of-dimers, in which a subunit pair within a dimer forms a stronger interface compared to the interface between the two dimers. Introduction of a proline bend in the AЈ helix would alter this relation- 
(2) tion was carried out in Express Hyb hybridization solution (Clontech; #8015-2) at 50ЊC for 2 hr followed by washing with 0.5ϫ SSC. PosiWe then derived estimates for channel open probability, P O , in the tive cDNA clones encoding full-length fCNGA4 were isolated and absence of KK peptide from the additional following measurements subcloned into the pGEM-HE vector (Liman and Buck, 1994). 3ЈUTRs and equations. We measured the time course of channel deactivaand 5ЈUTRs were removed by PCR. The cDNA sequence has been tion in the absence of KK peptide using a single exponential function deposited in GenBank (AF522297).
(time constant, Ј). Steady-state currents were measured at the hyChimeras were constructed using the "megaprimer" strategy. The perpolarized test potentials elicited by a saturating concentration sequence to be exchanged was amplified with chimeric primers of cAMP in the presence (O ∞ ) or absence (OЈ ∞ ) of KK peptide, where (usually Ͼ50 bp), which covered the junction region of both parental
[KK] is the concentration of KK peptide applied (10 M). We then constructs. This PCR product was used as a new primer (megaobtained O T , the maximal current if all channels were open, by solvprimer) to amplify the target construct. A Quickchange kit was used ing the following equations: to introduce point mutations. mRNA was synthesized using mMessage mMachine Kit (Ambion; #1340).
ROONS is a high-expressing chimera of purely ␣ subunit se-
quence, consisting of bCNGA1 whose P region and an amino terminal region (N-S2) were replaced by fCNGA2 ␣ subunit sequence, as Ј ϭ 1 ␣ ϩ ␤ (4) previously described (Goulding et al., 1994; Tibbs et al., 1997 Tibbs et al., , 1998 .
Xenopus oocytes were injected with 5-100 ng cRNA for the various constructs, and recordings were obtained 2-9 days after injection, sulphonyl chloride, and 2.5 g ml Ϫ1 DNase [pH 7.5]). The supernatant For HCN channels, 50 ng of cRNA was injected into each oocyte, from a 45 min, 120,000 g spin was loaded onto Ni 2ϩ -NTA column. which were studied 2-3 days after injection. Inside-out patches were His-tagged HCN2/FPN was eluted by imidazole with a linear concensuperfused with bath solution for 4-5 min before experiments. Bath tration gradient (from 50 mM to 400 mM). Following thrombinolysis solution and pipette solution were symmetrical and contained 107 (reaction buffer contained 20 mM HEPES, 300 mM NaCl, 5% sumM KCl, 5 mM NaCl, 10 mM HEPES, 1 mM MgCl 2 , and 1 mM EGTA crose, 5 mM CaCl 2 , and 1 mM dithiothreitol [pH 7.0]) to remove the (pH 7.4) ). Currents were recorded in response to His tag, the protein was loaded onto an S-sepharose ion exchange a series of 3 s hyperpolarizing voltage steps, starting at Ϫ70 mV column and eluted with a linear NaCl gradient (100 mM-500 mM). down to a maximal negative value of Ϫ140 mV to Ϫ160 mV, in 10 Protein was purified by size exclusion chromatography and conmV increments. The maximal negative voltage was chosen so that centrated to 3-4 mg ml Ϫ1 , split into two pools, and dialyzed against the tail current approached its maximal value. This voltage varied buffer (20 mM HEPES, 300 mM NaCl, 1 mM dithiothreitol, and 5% depending on the particular construct and experimental conditions. sucrose [pH 7]) with or without 5 mM cAMP. Centrifugation experiTail currents were measured upon return to the holding potential ments were repeated four times with loaded protein concentrations of Ϫ40 mV and normalized to the maximal tail current following the diluted using protein:buffer ratios of 1:0, 1:1, or 1:3. Sedimentation most negative voltage step. Due to rundown of HCN currents, tail equilibrium runs were conducted in an XL-I analytical ultracentrifuge currents were measured before cAMP application (4-5 min after (Beckman/Coulter) with the Rayleigh interference detection system. obtaining the patch), in the presence of cAMP (1-2 min after applicaThe protein samples with and without cAMP were loaded into twotion), and after removal of cAMP (1-2 min after washout). The tail or six-sector centrifugation cells and centrifuged at 4ЊC at 12,000, currents from the two measurements in the absence of cAMP were 17,000, and 25,000 rpm. Scans were taken at 1 hr intervals until the averaged. Tail current activation curves were fitted by a Boltzmann samples reached equilibrium. Data were edited with WinReedit and function as previously described to obtain the midpoint voltage globally fitted by a nonlinear least-squares method to a three-speof activation (V 1/2 ) (Wainger et al., 2001) 
